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ABSTRACT
Past X-ray observations of the nearby luminous quasar PDS 456 (at z = 0.184) have revealed a wide angle ac-
cretion disk wind (Nardini et al. 2015), with an outflow velocity of∼ −0.25c, as observed through observations
of its blue-shifted iron K-shell absorption line profile. Here we present three new XMM-Newton observations of
PDS 456; one in September 2018 where the quasar was bright and featureless, and two in September 2019, 22
days apart, occurring when the quasar was five times fainter and where strong blue-shifted lines from the wind
were present. During the second September 2019 observation, three broad (σ = 3000 km s−1) absorption lines
were resolved in the high resolution RGS spectrum, which are identified with blue-shifted O VIII Lyα, Ne IX
Heα and Ne X Lyα. The outflow velocity of this soft X-ray absorber was found to be v/c = −0.258± 0.003,
fully consistent with iron K absorber with v/c = −0.261± 0.007. The ionization parameter and column den-
sity of the soft X-ray component (log ξ = 3.4,NH = 2×10
21 cm−2) outflow was lower by about two orders of
magnitude, when compared to the high ionization wind at iron K (log ξ = 5,NH = 7×10
23 cm−2). Substantial
variability was seen in the soft X-ray absorber between the 2019 observations, declining fromNH = 10
23 cm−2
to NH = 10
21 cm−2 over 20 days, while the iron K component was remarkably stable. We conclude that the
soft X-ray wind may originate from an inhomogeneous wind streamline passing across the line of sight and
which due to its lower ionization, is located further from the black hole, on parsec scales, than the innermost
disk wind.
Subject headings: galaxies: active — quasars: individual (PDS 456) — X-rays: galaxies — black hole physics
1. INTRODUCTION
The discovery of blueshifted absorption features from K-
shell transitions of iron has provided strong evidence for
the presence of high-velocity outflows in AGN. The mea-
sured blueshifts imply outflow velocities of the order of ∼
−0.1c or higher (e.g. APM08279+5255; Chartas et al. 2002,
PG 1211+143; Pounds et al. 2003, PDS 456; Reeves et al.
2003). The high velocities and high ionization of the mate-
rial (from He and H-like Fe) suggest that the high-velocity
outflows originate from much closer to the black hole than
the slower, less-ionized warm absorbers (e.g. Kaastra et al.
2000; Kaspi et al. 2002; Crenshaw, Kraemer & George 2003;
McKernan, Yaqoob & Reynolds 2007). Systematic studies
of archival XMM-Newton (Tombesi et al. 2010, 2011) and
Suzaku (Gofford et al. 2013) data, as well as from X-ray vari-
ability studies (Igo et al. 2020), have shown that high-velocity
iron K winds may be a common feature of nearby AGN. The
derived outflow rates are calculated to be high (up to ∼few
M⊙ yr
−1) and therefore comparable with the measured accre-
tion rates of AGN, while the outflows are estimated to carry
kinetic power as much as a few per cent of the bolometric
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luminosity, Lbol (Tombesi et al. 2012; Gofford et al. 2015).
As such, they may play an important role in linking black-
hole growth and the properties of the host galaxy (King 2003,
2010) and offer a possible interpretation of theM−σ relation
for galaxies (Ferrarese & Merritt 2000; Gebhardt 2000).
While the evidence for ultra fast outflows in the FeK band
is now well established, there has been a relative scarcity of
detections to date in the soft X-ray band. Detecting lower-
ionization, soft-band counterparts of high-velocity outflows
is important in order to probe all phases of the outflow-
ing gas and its structure across a wide range of ionization
and column density. Indeed, the original evidence for the
fast wind seen in PG1211+143 (Pounds et al. 2003) came
from both its iron K profile and from blue-shifted soft X-ray
lines in the XMM-Newton RGS spectrum and subsequently
confirmed in analysis of later datasets (Pounds et al. 2016;
Reeves, Lobban & Pounds 2018).
During an initial XMM-Newton observation of the nearby
QSO PDS 456 in 2001, Reeves et al. (2003) first noted the
presence of blue-shifted absorption in the soft X-ray band.
A broad absorption trough was resolved in the RGS spec-
trum, attributed to a blend of L-shell transitions from highly-
ionized Fe near to ∼1 keV, with an estimated outflow velocity
of∼ −50 000km s−1, in addition to the now well-established
high-velocity outflow detected in the FeK band (Reeves et al.
2009; Nardini et al. 2015; Matzeu et al. 2017a), where the
outflow velocity has been confirmed to vary over a narrow
range between 0.25 − 0.30c. The presence of high-velocity,
soft-band counterparts of the outflow in PDS 456 have since
been confirmed in a multi-epoch analysis of all of the archival
XMM-Newton observations of PDS 456 (Reeves et al. 2016),
although the soft X-ray velocities did not always match those
measured in the iron K-shell band.
Concerning other AGN, a soft-band absorber with a veloc-
ity of ∼ −0.25c was also observed in IRAS 13224−3809
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through high-resolution RGS data (Pinto et al. 2018), where
the corresponding highly-ionized FeK counterpart has a sim-
ilar velocity as per the soft X-ray lines (Parker et al. 2017).
The narrow line Seyfert 1 galaxy, 1H 0707−495, which has
a very similar nature to IRAS 13224−3809, also appears to
show a variety of blueshifted absorption line features as-
sociated with a fast wind with XMM-Newton, at a veloc-
ity of ∼ 0.13c (Kosec et al. 2018). Curiously this AGN
also displays soft X-ray emission lines which are blue-shifted
by up to 8000 km s−1, which Kosec et al. (2018) interpret
in the framework of a slowing, cooling outflow on larger
scales. A fast soft X-ray outflow was observed in the XMM-
Newton RGS spectrum of the narrow-line Seyfert 1 galaxy
IRAS 17020+4544 (Longinotti et al. 2015), covering a wide
range of ionization and column density with outflow veloci-
ties in the range−23 000 to−33 000km s−1, although an iron
K-shell counterpart to this wind has not yet been reported.
Further claims of soft X-ray fast wind detections noted in
the literature include Ark 564 (Gupta et al. 2013) andMrk 590
(Gupta, Mathur & Krongold 2015), in these cases performed
with the gratings on-board Chandra, although with no known
iron K-shell component. Thus while the evidence for soft X-
ray components of ultra fast outflows is growing, the exact
relationship between the iron K and soft X-ray fast winds is
still poorly understood
Here, we present three new observations of PDS 456 from
2018–2019, taken with XMM-Newton, of which two were also
simultaneous with NuSTAR, which are described further be-
low. As discussed above, the radio-quiet quasar PDS 456
(at z = 0.184, Torres et al. 1997) was one of the first pro-
totype examples of an ultra fast outflow. Indeed, since its
initial detection in 2001 with XMM-Newton (Reeves et al.
2003), the presence of the ultra fast outflow in PDS 456
has now been established through over a decade’s worth
of X-ray observations (Reeves et al. 2009; Behar et al. 2010;
Reeves et al. 2014; Gofford et al. 2014; Nardini et al. 2015;
Hagino et al. 2015; Matzeu et al. 2016, 2017a,b; Parker et al.
2018; Reeves et al. 2018a,b; Boissay-Malaquin et al. 2019).
Furthermore Hamann et al. (2018) recently claimed a fast UV
counterpart to the X-ray wind on the basis of a broad C IV
trough predicted from photoionization modeling.
In this paper we reveal the structure of the wind through
the detection of resolved soft X-ray absorption lines in the
XMM-Newton RGS, which as we will show, exactly match
the outflow velocity of the wind as measured in the iron K
band. Furthermore, from the wind variability, we also probe
the location and properties of the soft X-ray wind component.
2. OBSERVATIONS AND DATA REDUCTION
PDS 456 was observed a further three times with XMM-
Newton over 2018–2019, as part of a new campaign to study
the long-term variability of its X-ray ultra fast outflow and to
study its possible connection to the UV wind. A summary of
the overall campaign is listed in Table 1. Note that the ob-
servation in September 2018 was performed simultaneously
with NuSTAR and HST, the 2nd observation in early Septem-
ber 2019 (hereafter 2019a) was coordinated with HST, while
the 3rd observation in late September 2019 (hereafter 2019b)
was simultaneous with NuSTAR. All XMM-Newton observa-
tions were performed in Large Window mode in the pn and
MOS to mitigate any photon pile-up.
The X-ray observations were processed using the NUSTAR-
DAS v1.8.0, XMM-Newton SAS v18.0 and HEASOFT v6.25
software. NuSTAR source spectra were extracted using a
TABLE 1
LOG OF 2018–2019 PDS 456 XMM-Newton OBSERVATIONS.
2018 2019a 2019b
OBSID 0830390101 0830390201 0830390401
Start date 2018/09/20 2019/09/02 2019/09/24
Start time (UT) 13:18:00 15:24:15 13:53:32
Durationa 86.0 83.0 94.3
Net rateb 3.958± 0.008 0.821± 0.004 1.254 ± 0.004
Fluxc 9.43 1.87 2.24
Coveraged HST + NuSTAR HST NuSTAR
a Total duration of exposure in ksec with XMM-Newton EPIC-pn.
b Net count rates (cts s−1), over the 0.4–10 keV band for XMM-Newton
EPIC-pn.
c Flux in 2-10 keV band compared to an absorbed power-law, in units
×10−12 ergs cm−2 s−1.
d Coordinated with either HST/COS or NuSTAR (or both). All observa-
tions have Swift coverage.
50′′ circular region centered on the source and background
from a 76′′ circular region clear from stray light. XMM-
Newton EPIC-pn spectra were extracted from single and dou-
ble events, using a 30′′ source region and 2×34′′ background
regions on the same chip. The spectra and responses from the
individual MOS1 and MOS2 CCDs were combined into a
single spectrum after they were first checked for consistency,
as were the individual spectra from the FPMA and FPMB de-
tectors on-boardNuSTAR. The NuSTAR and XMM-Newton pn
and MOS spectra are binned to at least 50 counts per bin.
Spectra from the XMM-Newton Reflection Grating Spectrom-
eter (RGS, den Herder et al. 2001) were extracted using the
RGSPROC pipeline and were combined into a single spectrum
for each of the observations, after first checking that the indi-
vidual RGS 1 and RGS 2 spectra were consistent with each
other within the errors.
2.1. Overview of the New Campaign
In order to provide an overviewof the whole campaign, Fig-
ure 1 (left panel) shows the broad band XMM-Newton EPIC-
pn and NuSTAR X-ray spectra obtained for the three observa-
tions. The observations captured significant variability of the
QSO. The 2018 observation caught PDS 456 in a very bright
state (where F2−10 = 9.4× 10
−12 ergs cm−2 s−1), following
a major X-ray flare which occurred during the Swift monitor-
ing. The X-ray spectrum of this epoch is continuum domi-
nated, while the soft X-ray spectrum (as seen by the RGS)
is featureless. Details of the 2018 observation, the possible
presence of a high energy cut-off in the NuSTAR spectrum,
the X-ray flare as seen by concurrent Swift monitoring and
the inferred X-ray coronal properties of PDS 456 will be dis-
cussed in a subsequent paper.
In comparison, the two 2019 observations are a factor of
×5 fainter over the 2–10 keV band compared to the bright
2018 observation. Both 2019 observations show similar pro-
nounced iron K absorption over the 7–10 keV band. Of these,
the 2019a spectrum is more obscured at soft X-rays and is
about 50% fainter than the 2019b spectrum below 2 keV. In-
deed Figure 1 (right panel) shows the Swift X-ray Telescope
(XRT) lightcurve over the 0.3–10 keV band obtained during
the 2019 campaign, where the 2019a XMM-Newton obser-
vation occurred near a period of minimum flux. The 2019b
XMM-Newton observation is at a typical flux level for the
2019 monitoring campaign, although this is still at a much
lower flux than in 2018.
In this paper, we concentrate our initial analysis on the
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FIG. 1.— Left panel. Broad-band XMM-Newton and NuSTAR X-ray spectra of the three observations of PDS 456, observed from September 2018 to September
2019 (see Table 1 for details). The September 2018 spectrum is plotted in black (greyscale for NuSTAR), the first of the September 2019 spectra in red (2019a)
and the second September observation (2019b) in blue (cyan for NuSTAR). Note the spectra are plotted against a simple Γ = 2 power-law to create νFν spectra
and are corrected for the Galactic absorption column. The campaign captured strong variability from PDS 456. The 2018 observation was observed in a high flux
state, which followed a major flare as seen during monitoring with Swift. Its X-ray spectrum is mainly featureless, except for a roll-over present above 10 keV
seen in NuSTAR due to a high energy cut-off. In contrast the 2019 spectra are at least a factor of ×5 lower in flux and show pronounced absorption at iron K in
the 7-10 keV band, while the 2019a spectrum also shows strong soft X-ray absorption. Right panel. 2019 Swift XRT lightcurve, performed from 2019/08/31 to
2019/09/26. The vertical dashed lines show the intervals of the two 2019 XMM-Newton pointings, where the 2019a observation occurred near a minimum in the
lightcurve.
2019b observation, while we also compare the results to the
spectra obtained in the 2018 and 2019a epochs to test the wind
variability. As we will subsequently show, the 2019b obser-
vation captured PDS 456 in a wind dominated state where we
resolve multiple absorption line profiles from the outflow in
both the soft X-ray band with XMM-Newton RGS and at iron
K in the broad-band spectrum. In contrast the 2019a obser-
vation caught the source in a more obscured state, where its
very low soft X-ray flux prohibits a detailed analysis of the
RGS spectrum. The simultaneous HST/COS spectroscopy
of PDS 456 (PI F. Hamann), coincident with the 2018 and
2019a observations, where the motivation was to further mon-
itor the outflowing UV absorption towards PDS 456, will be
presented in later work. Note that outflow velocities are given
with respect to the rest-frame of the host galaxy of PDS 456
at z = 0.184, after correcting for relativistic Doppler shifts.
Errors are quoted at 90% confidence for one interesting pa-
rameter (or∆χ2 = 2.7).
3. SOFT X-RAY SPECTRAL ANALYSIS
3.1. The XMM-Newton RGS Spectrum
We first analyze the soft X-ray spectrum of PDS 456 from
the 2019b observation, obtained with the XMM-Newton RGS.
The total exposure of the RGS observation is 92.4 ks, while
the net count rate for the combined RGS 1+2 spectrum is
0.070± 0.001 cts s−1, yielding ∼ 6500 net counts. The RGS
spectrum was grouped into bins of width ∆λ = 0.08 A˚, so
that each spectral bin corresponds to the approximate FWHM
spectral resolution of the RGS. At an observed wavelength
of 16 A˚, this equates to a resolution of λ/∆λ = 200 (or
∼ 1500 km s−1 FWHM). A further binning was applied to
achieve a minimum signal to noise of 3 per bin, this ensures
that the extreme low and high wavelength ends of the spec-
trum are not too noisy, in order for the continuum to be well
defined. The RGS spectra were analyzed over the 6 − 25 A˚
observed wavelength range (or 5 − 21 A˚ QSO rest frame);
at longer wavelengths the spectrum is suppressed by Galac-
tic absorption. The latter was included in the spectral fitting,
using the TBABS model of Wilms et al. (2000), where for
PDS 456 the column density is expected to be NH = 2.4 ×
1021 cm−2 based on 21 cm measurements (Kalberla et al.
2005). Solar abundances of Grevesse & Sauval (1998) and
a conversion between energy and wavelength of 1 keV =
1.602× 10−9 ergs = 12.3984 A˚ were adopted.
A model consisting of a power-law absorbed by the Galac-
tic column returned a poor fit, with a reduced chi-squared of
χ2
ν
= 334.4/254 and a photon index of Γ = 2.71± 0.09. The
RGS spectrum is plotted in Figure 2 and three possible ab-
sorption lines appear to be present against the power-law con-
tinuum. These were fitted with Gaussian profiles with rest-
frame centroid wavelengths (energies) of λ = 14.56± 0.05 A˚
(or E = 851.8 ± 3.5 eV), λ = 10.37 ± 0.04 A˚ (E =
1196 ± 5 eV) and λ = 9.30 ± 0.06 A˚ (E = 1333 ± 9 eV).
The line parameters are summarized in Table 2. The lines ap-
pear to be significant when added to the model; the overall
fit-statistic improves by ∆χ2 = −28.9, ∆χ2 = −19.0 and
∆χ2 = −9.3 respectively upon the addition of each line with
two extra degrees of freedom.
We first test the scenario whereby the lines arise from a
soft X-ray component of the known fast wind in PDS 456.
Multiple X-ray observations of PDS 456 spanning more than
a decade have shown the frequent presence of a fast outflow
at iron K, with a typical velocity of 0.25− 0.3c (Reeves et al.
2009; Nardini et al. 2015; Matzeu et al. 2017a), while the
possible presence of blue-shifted soft X-ray features have also
been noted in prior RGS spectra (Reeves et al. 2016). In this
scenario, the 14.56 A˚ line could be identified with blueshifted
O VIII Lyα (at 18.97A˚) and the derived velocity shift is then
v/c = −0.259 ± 0.003. Similarly, identifying the shorter
wavelength lines with the strong He and H-like (1s → 2p)
lines of Ne IX Heα and Ne X Lyα (at lab-frame wavelengths
of 13.45 A˚ and 12.13 A˚) gives consistent velocity shifts, with
v/c = −0.255± 0.005 and −0.260 ± 0.009 respectively. If
a common velocity shift is assumed for all three lines, then
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FIG. 2.— Count rate XMM-Newton RGS spectrum of PDS 456 from the 2019b observation, plotted in the QSO rest frame. 1σ error bars are shown in grey. The
continuum model (black line) consists of a powerlaw (photon index Γ = 2.71 ± 0.09) absorbed by the Galactic column. The spectrum shows three significant
absorption lines modeled by Gaussian profiles, centered at rest wavelengths of λ = 14.56± 0.05 A˚, λ = 10.37± 0.04 A˚ and λ = 9.30± 0.06 A˚ (see Table 2).
The lines could be associated to the predicted strong resonance (1s → 2p) transitions of O VIII Lyα (18.97 A˚), Ne IX Heα (13.45 A˚) and Ne X Lyα (12.13 A˚),
with a common velocity shift of v/c = −0.257± 0.003 from a fast wind. Note that the decline in flux long-wards of 16 A˚ is due to Galactic absorption.
TABLE 2
BLUESHIFTED ABSORPTION LINE PARAMETERS TO THE 2019B PDS 456 OBSERVATION.
ID O VIII Lyα Ne IX Heα Ne X Lyα Fe XXVI Lyα Fe XXVI Lyα
Instrument RGS RGS RGS EPIC-pn EPIC-pn
λrest or Eresta 14.56± 0.05 A˚ 10.37 ± 0.04 A˚ 9.30± 0.06 A˚ 8.98± 0.13 keV 10.2± 0.2 keV
EW (eV)b −11.5+2.9
−3.2 −16.2
+4.6
−5.3 −14.0
+5.0
−6.0 −255
+58
−75 −246± 70
σ(eV)c 8.6+2.7
−2.1 12.1
t 13.5t 310+140
−90 310
f
σv (km s−1)d 3030
+950
−740 3030
t 3030t 10300+4700
−3000
λlab or Elab
e 18.97 A˚ 13.45 A˚ 12.13 A˚ 6.97 keV 6.97 keV
v/cg −0.259± 0.003 −0.255± 0.005 −0.260 ± 0.009 −0.25± 0.02 −0.36± 0.02
∆χ2/∆νh −28.9/3 −19.0/2 −9.4/2 −49.6/3 −30.1/2
a Rest wavelength (RGS) in A˚ or energy (EPIC-pn) in keV of absorption line in the observed spectrum.
b Equivalent width of absorption line in units of eV.
c 1σ Gaussian width of line in units of eV.
d 1σ velocity width of line in units of eV.
e Expected lab-frame wavelength (or energy) for above line ID, with no velocity shift.
f Indicates parameter is fixed.
g Blueshift of absorption line in units of c for above line ID.
g Improvement in fit statistic (∆χ2), for the addition of∆ν degrees of freedom to the model.
t Indicates line velocity width is tied with respect to that of the O VIII Lyα line (in velocity space).
the derived outflow velocity is v/c = −0.257± 0.003. In the
following sub-section these identifications will be placed on a
firmer footing, based on the photoionization analysis.
Regardless of the identifications, the absorption line pro-
files are resolved in the RGS spectrum. A zoom-in of the
three line profiles are shown in Figure 3, where each spectral
bin corresponds to the FWHM resolution of the RGS grat-
ings. Assuming a common velocity broadening across all
three lines gives a velocity width of σv = 3030
+950
−740 km s
−1
(or a FWHM of ∼ 7000 km s−1). The velocity widths of the
individual lines are also consistent within errors if they are al-
lowed to vary independently of each other. For the 14.56 A˚
line, the 1σ width is then ∆λ = 0.16+0.07
−0.05 A˚, which corre-
sponds to a velocity width of σv = 3400
+1300
−1000 km s
−1.
3.2. Photoionization Modelling
To provide a more physically motivated modeling of the
absorber, the RGS spectrum was fitted with a grid of pho-
toionized absorption models generated with the XSTAR code
(Kallman et al. 1996). A grid was adopted for PDS 456, using
the 1–1000Rydberg spectral energy distribution defined in
an earlier 2017 XMM-Newton observation (see Reeves et al.
2018b). Note that this earlier observation was at a similar
X-ray and UV flux level to the 2019b observation and the 1-
1000Ryd ionizing luminosity was Lion = 3×10
46 erg s−1. A
turbulence velocity of 3000 km s−1 was chosen for the grid in
order to well match the widths of the absorption line profiles.
Applying the XSTAR absorption model to the RGS spec-
trum gave a good fit, with χ2
ν
= 276.4/251 and a correspond-
ing improvement in fit statistic of ∆χ2 = 58 for ∆ν = 3
extra degrees of freedom. The column density of the absorber
is NH = 2.3
+0.9
−0.6 × 10
21 cm−2, with an ionization param-
eter of log ξ = 3.4+0.1
−0.2. The above fit was obtained with
the elemental abundances fixed at their Solar values, while
the improvement in the fit was not significant when we al-
lowed the abundances to vary with respect to the other ele-
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FIG. 3.— Zoom in to the absorption line profiles, with the upper panel
showing the putative O VIII Lyα line and the lower panel showing the
1s → 2p lines from Ne IX and Ne X. The lines are all resolved by the RGS
(where one bin corresponds to the FWHM resolution) and can be fitted with a
common velocity width of σ = 3030+950
−740 km s
−1. Note that the y-axis scale
has been converted into energy units using the wavelength conversion given
in the text and both the model and data are folded through the instrumental
response.
ments (e.g. for Ne, ∆χ2 = 2.4 for ∆ν = 1). The outflow
velocity was subsequently determined from the XSTAR fit to
be v/c = −0.258±0.003, in agreement with the simple Gaus-
sian line analysis.
Note that the line of sight covering fraction of the absorber
is fcov = 0.92
+0.08
−0.32, thus the minimum covering fraction is
60% and the model is consistent with a fully covering ab-
sorber. If the covering fraction were lower than this, then the
lines would not be of sufficient depth to model the absorption
profiles that are observed in the RGS spectrum.
The resulting fit to the spectrum is shown in the upper panel
of Figure 4, while the lower panel shows the XSTAR model
with various absorption lines marked at their expected lab-
frame wavelengths prior to applying the above velocity shift.
Comparing the two panels, the three strongest 1s → 2p lines
predicted by the model (O VIII Lyα, Ne IX Heα and Ne X
Lyα) are all systematically blue-shifted by the same amount
in the observed spectrum when compared to their expected
lab-frame wavelengths.
3.3. Alternative Line Identifications
An identification of the lines was also attempted assuming
a zero or a low velocity shift away from their respective rest-
frame wavelengths. This corresponds to the scenario whereby
the lines originate from a warm absorber, of modest outflow
velocity (a few hundred to a few thousand km s−1), as is
frequently seen in the soft X-ray spectra of Seyfert 1 galax-
ies (Kaastra et al. 2000; Kaspi et al. 2004; Blustin et al. 2005;
McKernan, Yaqoob & Reynolds 2007).
However it is difficult to systematically reproduce the ab-
sorption lines without requiring the systematic blueshift. For
instance, in the scenario whereby the absorber has zero or
only a small velocity shift, the absorption line observed at
10.37 A˚ could be associated to the predicted weak 1s → 3p
line of Ne X Lyβ, which is expected at a lab-framewavelength
of 10.24 A˚ (see Figure 4, lower panel). The observed equiva-
lent width of the 10.37 A˚ line is 16±5 eV. However we would
then expect to observe the accompanying stronger Ne X Lyα
line near 12.1 A˚ at zero or low velocity. At this wavelength
only a tight upper limit of < 2 eV can be placed on the equiv-
alent width of any absorption line. Thus a zero velocity so-
lution whereby the Ne X Lyα transition is at least ×5 weaker
than the corresponding Lyβ line can be physically ruled out.
Similarly, without imparting any blue-shift, the observed
line at 14.56 A˚ falls in between the expected lab wavelengths
of the Fe XVII and Fe XVIII L-shell (2p → 3d) transitions (at
15.01 A˚ and 14.21 A˚). Both of these lines are predicted to be
weaker (by a 3:1 ratio) in the model spectrumwhen compared
to the strong O VIII Lyα line at 18.97 A˚, where the latter line
is a dominant transition in the photoionized absorber model
(Figure 4). Instead an upper limit of EW < 3 eV can only be
placed on any 18.97 A˚ absorption compared to the observed
line equivalent of 11.5 ± 3.0 eV at 14.56 A˚. Thus, as per the
above case of Ne, it appears more plausible for the O VIII Lyα
line to be systematically blue-shifted in order to reproduce the
strong absorption profile at 14.56 A˚.
To quantify this further, the XSTARmodel was refitted to the
spectrum, but instead forcing the outflow velocity to be within
±10000kms−1 of zero and allowing its column and ioniza-
tion state to adjust. In this test, the column density drops to a
very low value of NH < 3.5 × 10
20 cm−2 (for an ionization
of log ξ ∼ 3), the model adds little opacity to the spectrum
reverting to a simple power-law continuum and the fit statis-
tic is subsequently worse with χ2
ν
= 317.5/251. Thus the
fast wind scenario is instead the likely preferred solution and
can consistently account for the wavelengths and ratios of the
observed lines in the spectrum. Furthermore, as is described
below, the velocity of the iron K band absorber is also consis-
tent with the soft X-ray gas.
4. THE BROAD-BAND SPECTRUM
Next the results from the broad-band X-ray spectral anal-
ysis of the 2019b observation are presented. Data from the
EPIC-pn and EPIC-MOS CCD detectors were included over
the 0.4–10 keV observed frame band; these have net expo-
sures of 70.1 ks and 81.0 ks (after correcting for deadtime)
and net count rates of 1.354 ± 0.004 cts s−1 and 0.697 ±
0.003 cts s−1 respectively. The background count rate is about
1% of the source counts over the whole band and 10% of the
source counts over the 7–10keV band. Spectra from the hard
X-ray NuSTAR FPMA and FPMB detectors were included
in the analysis over the 3–40 keV band, with net count rates
of 0.044 ± 0.001 cts s−1 and 0.042 ± 0.001 cts s−1 respec-
tively, while the net exposure per detector was 78.0 ks. Here
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FIG. 4.— XSTAR photoionization model fitted to the 2019b RGS spectrum. The upper panel shows the best-fit model overlayed onto the spectrum, which well
reproduces the strong 1s → 2p absorption lines from O VIII Lyα, Ne IX Heα and Ne X Lyα (as marked by dashed red-lines), with a common velocity shift of
v/c = −0.258± 0.003. The lower panel shows the transmission through the same photoionized absorber without any velocity shift, i.e. the corresponding lines
are at their expected lab-frame wavelengths. The blueshift of the strongest lines in the model relative to their observed positions in the upper-panel is apparent.
All abundances were fixed at their Solar values. See text for further details.
the background rate is ∼ 10% of the source rate, although
the spectrum becomes background dominated above 40 keV.
The NuSTAR observation, performed in low Earth orbit, over-
lapped the XMM-Newton observation, commencing just be-
fore and ending just after the XMM-Newton exposures. A con-
stant multiplicative factor was also included between theNuS-
TAR and XMM-Newton spectra to allow for any cross normal-
ization differences between satellites, however this was found
to be consistent with 1.0 within errors.
As per the RGS spectral analysis, a neutral Galactic absorp-
tion component ofNH = 2.4×10
21 cm−2 was included in the
modeling. The continuum was modeled by a broken power-
law, which allows for the fact that the soft X-ray photon index
(as seen by RGS) is somewhat steeper than at harder X-rays,
due to the presence of a soft X-ray excess which is apparent
once the Galactic absorber is accounted for. The continuum
parameters are reported in Table 3. A high energy exponential
cut-off was also included, with an e-folding energy fixed to
50 keV. This is included for consistency with the 2018 obser-
vation which occurred in a bright and flaring state and where
the cut-off is well determined at this energy; these results will
be presented in a later paper. Note the presence of the cut-off
does not affect the parameterization of the absorbers which is
our focus below.
The residuals of the pn and MOS spectra, against this
continuum, are plotted in Figure 5 over the 0.5–12keV rest
frame band. At higher energies, this baseline model pro-
vides an excellent description of the hard X-ray continuum
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FIG. 5.— Residuals, plotted in terms of data – model / error, against
a baseline broken power-law continuum to the broad-band XMM-Newton
pn (blue) and MOS (red, dotted points) spectra. A strong iron K absorp-
tion trough is observed at 9 keV in the QSO rest frame, which, if it is
associated with Fe XXVI Lyα at 6.97 keV, requires an outflow velocity of
v/c = −0.25 ± 0.02, consistent with the velocity of the soft X-ray ab-
sorber. A second trough may be present at 10.2 keV, which may either be
ascribed to a higher velocity wind component or from a contribution from
higher order Fe K absorption, as described in the text. The presence of the
soft X-ray trough near to 1.2 keV is likely due to an unresolved blend of the
Ne K-shell absorption lines, as observed in the RGS.
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as seen in NuSTAR. In the iron K band, a strong absorp-
tion line is present at rest-frame energy of ∼ 9 keV, with a
possible second weaker trough near to 10 keV. The first line
can be modeled with a Gaussian profile of centroid energy
8.98± 0.13 keV, a width of σ = 0.31+0.14
−0.09 keV and an equiv-
alent width of −255+58
−75 eV. The addition of the line signifi-
cantly improves the fit statistic by∆χ2 = −49.6 for∆ν = 3
change in degrees of freedom. Indeed, the 9 keV absorption
trough has been detected in many of the previous PDS 456
observations (e.g. Reeves et al. 2009, Nardini et al. 2015,
Matzeu et al. 2017). A second line also appears to be sig-
nificant against the baseline continuum (∆χ2 = 30.1 for
∆ν = 2), with E = 10.2 ± 0.2 keV, an equivalent width
of −246± 70 eV, while the width of the line was assumed to
be the same as the 9 keV trough. For completeness, the line
parameters are reported in Table 2.
The absorption features can be identified with the strong
resonance lines from Fe XXV or Fe XXVI, which are fre-
quently detected in the X-ray spectra of many nearby type
I AGN (Tombesi et al. 2010; Gofford et al. 2013). For the
9 keV trough, an identification with either of the 1s → 2p
lines of Fe XXV Heα at 6.70 keV or Fe XXVI Lyα at 6.97 keV
returns a velocity shift of−0.28±0.02c or−0.25±0.02c. We
note that the latter identification is consistent with the veloc-
ity of the soft X-ray outflow. In principle, the second 10 keV
trough may be associated with the corresponding higher or-
der (1s → 3p) lines of Fe XXV at 7.88 keV or Fe XXVI at
8.25 keV, with a resultant outflow velocity of−0.25±0.02c or
−0.21± 0.02c respectively. However, the oscillator strengths
of these higher order 1s → 3p lines are typically a factor of
five weaker than the corresponding strong 1s → 2p lines and
their equivalent widths are predicted to be weaker by about
the same factor. This does not appear to be the case from
the observed equivalent widths reported in Table 2. Alterna-
tively, the second higher energy absorption trough could orig-
inate from a faster wind component, which, if it is associated
with the strong Fe XXVI Lyα line, would then require a second
much higher velocity, of v/c = −0.36± 0.02. We investigate
this further below in the XSTAR modeling.
Interestingly, a third absorption trough is detected in the
XMM-Newton spectra in the soft X-ray band at E = 1.16 ±
0.05 keV (equivalent to 10.7 ± 0.4 A˚); this could arise from
a blend of the Ne IX-X lines seen in the RGS, but which is
unresolved at the lower resolution of the CCD spectra.
4.1. Iron K Absorber Properties
To quantify the iron K band absorption, the spectra were
again modeled by XSTAR as above, but adopting a grid
of absorption models with a higher turbulence velocity of
10000km s−1 to match the widths of the lines measured from
their Gaussian profiles. Emission from the wind, parameter-
ized by a quasi-spherical distribution of gas, has also been
included as per the analysis of Nardini et al. (2015). Note that
as detailed by Nardini et al. (2015) and Reeves et al. (2018b),
the solid angle of the emitter (in terms of f = Ω/4pi) is deter-
mined by the relation, κxstar = fL38/D
2
kpc, where κxstar is
the fitted normalization of the XSTAR emission grid,L38 is the
1–1000 Rydberg ionizing luminosity in units of 1038 ergs s−1
andDkpc is the distance to PDS 456 in kpc units (see Table 3
for parameter details). The turbulence velocity of the emit-
ter was fixed at 25000km s−1 to account for any broaden-
ing of the iron K emission, consistent with previous analysis
(Nardini et al. 2015; Reeves et al. 2018b). The column den-
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FIG. 6.— Best-fit photoionization model applied to the broad-band XMM-
Newton and NuSTAR spectra of the 2019b observation. The XMM-Newton
pn spectrum is shown in blue and NuSTAR is in cyan, where for the latter
the FPMA and FPMB modules have been combined into a single spectrum.
The upper panel shows a zoom in around the iron K band, whereby a high
ionization photoionized absorber (Table 3, zone 1) can account for the 9 keV
absorption trough originating from blueshifted Fe XXVI Lyα at 6.97 keV. Its
outflow velocity, of v/c = −0.261±0.007, is consistent with the soft X-ray
absorber seen in the RGS and where v/c = −0.258 ± 0.003. Note that the
second absorption trough near to 10 keV cannot be accounted for by this zone
(red dotted line) and requires the addition of a second faster wind component
with v/c = −0.360 ± 0.013, which can then fully model both absorption
profiles (two velocity model; solid black line). The lower panel shows broad-
band spectrum and model, whereby here the red dashed line indicates the
level of the continuum as fitted to NuSTAR above 10 keV.
sity and ionization of the emitter is tied to that of the absorber,
i.e. as if the emitting gas is the same matter as the absorber,
but integrated over a range of angles. The continuum form is
as above.
The resultant fit to the XMM-Newton and NuSTAR spectra
is shown in Figure 6, where the top panel shows the zoom-in
to the iron K band and the lower panel the whole broad-band
spectrum. The overall fit statistic is χ2 = 416.2/365, while
the best fit parameters of the model are summarized in Ta-
ble 3. The main component (zone 1) of the Fe K absorber
reproduces the 9 keV absorption trough; its outflow velocity
is v/c = −0.261 ± 0.007, which is in excellent agreement
with the RGS absorber where v/c = −0.258 ± 0.003. Note
that its ionization is nearly two orders of magnitude higher
than the soft X-ray absorber, with log ξ = 5.0 ± 0.1, while
its column density is also correspondingly higher (NH =
8 Reeves et al.
7.0+1.9
−1.6 × 10
23 cm−2). At this degree of ionization, most of
the opacity arises from H-like iron (e.g. Fe XXVI Lyα) and
the absorber is virtually transparent at soft X-rays, with just
trace amounts of absorption predicted from H-like Si and S.
As a result, the broad-band spectrum also requires the ad-
dition of the soft X-ray absorber to account for the ∼ 1 keV
trough. Upon using the same grid as per the RGS analysis, its
parameters are found to be consistent in the broad-band spec-
trum; e.g. NH = (1.4 ± 0.2) × 10
21 cm−2, log ξ = 3.4+0.3
−0.1
and v/c = −0.25 ± 0.02. This reaffirms the presence of the
soft X-ray absorber as measured in the RGS.
Curiously, the zone 1 iron K absorber is not able to account
for the second absorption trough near 10 keV. As noted above,
this is mainly because the predicted higher order (1s → 3p)
lines of iron are much weaker and make a negligible contri-
bution towards the absorption trough. This is illustrated in
the upper panel of Figure 6, where the red dashed line repre-
sents an XSTAR model with only one velocity component (at
−0.25c) and which is not able to model the second higher
energy trough. Instead a second Fe K absorption zone of
higher velocity is required, with v/c = −0.360 ± 0.013c
(zone 2, as listed in Table 3), which improves the fit statis-
tic further by ∆χ2 = −43.4 for ∆ν = 2 and is able to
model the 10 keV profile (see Figure 6, solid black line for
the 2 velocity solution). Note that the ionization has been
assumed to be the same as per zone 1. At this velocity, the
10 keV trough corresponds to a second velocity component
of Fe XXVI Lyα, perhaps arising from a faster streamline of
the wind. Note that the presence of more complex veloc-
ity structure at Fe K has been noted in other observations of
PDS 456 (Reeves et al. 2009, 2018a) and may also be present
towards other AGN, e.g. PG 1211+143 (Pounds et al. 2016),
APM 08279+5255 (Chartas et al. 2009), MCG−03−58−007
(Braito et al. 2018).
5. DISCUSSION
A new observation of PDS 456 from September 2019 was
presented which revealed three resolved lines in the soft X-
ray spectrum taken with the XMM-Newton RGS. The lines are
required to originate from a fast outflowing absorber, which
when fitted with XSTAR was found to have an outflow ve-
locity of v/c = −0.258 ± 0.003, with the lines originating
from the 1s − 2p transitions of O VIII Lyα, Ne IX Heα and
Ne X Lyα. The outflow velocity of the soft X-ray absorber is
entirely consistent with the main zone of iron K absorption,
confirmed from the same dataset, which has an outflow veloc-
ity of v/c = −0.261± 0.007.
This observation of PDS 456 represents one of the small,
but growing number of cases where the velocity of the ultra
fast outflow, as first detected in the iron K band, has been con-
firmed by an analysis of a grating resolution spectrum in the
soft X-ray band (e.g. Pounds et al. 2003; Parker et al. 2017;
Pinto et al. 2018; Kosec et al. 2018). Indeed, one of the first
known objects for the presence of a fast wind, the nearby
(z = 0.0809) QSO PG1211+143 (Pounds et al. 2003), also
simultaneously shows the presence of both a soft X-ray and
iron K wind, with a self consistent velocity. The presence of
the soft X-ray wind in PG 1211+143, with a velocity of v/c =
−0.06, was recently confirmed through deep observations
both with the XMM-Newton RGS and Chandra HETG grat-
ings (Reeves, Lobban & Pounds 2018; Danehkar et al. 2018).
This velocity was also consistent with the major component
of the iron K absorption (Pounds et al. 2016), as well as with
the broad Lyα absorption trough as observed from HST/COS
TABLE 3
SPECTRAL PARAMETERS FROM PHOTOIONIZATIONMODELING TO THE
2019B OBSERVATION
Parameter value
Fe K absorber, zone 1:-
NaH × 10
23 7.0+1.9
−1.6
log ξb 5.02± 0.12
v/c −0.261± 0.007
∆χ2/∆ν −151.8/2
Fe K absorber, zone 2:-
Na
H
× 1023 4.1+3.6
−1.5
log ξb 5.02t
v/c −0.360± 0.013
∆χ2/∆ν −43.4/2
Soft X-ray absorber (RGS):-
NaH × 10
21 2.3+0.9
−0.6
log ξb 3.4+0.1
−0.2
v/c −0.258± 0.003
fc 0.92+0.08
−0.32
∆χ2/∆ν −58.0/3
Wind Emission:-
Na
H
× 1023 7.0t
log ξb 5.02t
κxstard 3.0
+0.8
−0.7 × 10
−4
Ω/4pie 0.53+0.14
−0.12
∆χ2/∆ν −45.3/1
Continuum:-
Γsoft 2.69± 0.04
Γhard 2.03± 0.03
Ebreak
f 1.24± 0.05
NBPL × 10
−3g 1.27± 0.04
L2−10 keV × 10
44h 2.5
L1−1000 Ryd × 10
46i 3.0
a Units of column density cm−2.
b Ionization parameter (where ξ = L/nR2) in units of erg cm s−1. Note the
ionization of the zone 2 iron K absorber is tied to zone 1.
c Covering fraction of absorber, where f = 1 for a fully covering absorber.
d Measured normalization of XSTAR emission component, where κxstar =
fcovL38/D2kpc and fcov is the emitter covering fraction (fcov = Ω/4pi),
L38 is the 1–1000 Ryd ionizing luminosity in units of 1038 erg s−1 andDkpc
is the distance to PDS 456 in units of kpc.
e Solid angle of the emission component (Ω/4pi), derived from the measured
normalization of the emitter as above.
f Break energy of broken powerlaw continuum in units of keV. Below the break
energy the continuum has a photon index of Γsoft and above the break energy
the photon index is Γhard.
g Normalization of the broken powerlaw continuum component in units of pho-
tons cm−2 s−1 keV−1 at 1 keV.
h Absorption corrected rest-frame 2–10 keV luminosity, in units of erg s−1.
i Absorption corrected ionizing luminosity, calculated over the 1-1000 Rydberg
range, in units of erg s−1.
t Denotes parameter is tied.
spectroscopy (Kriss et al. 2018).
Another notable example, illustrating the co-existence of
both soft X-ray and Fe K components of a fast wind, oc-
curs in the NLS1, IRAS 13224−3809 (at z = 0.0658),
where the ultra fast outflow also has a typical velocity of
−0.24c (Parker et al. 2017; Pinto et al. 2018). Interestingly,
from a refined analysis of this AGN, Chartas & Canas (2018)
found a positive correlation between the outflow velocity
and X-ray luminosity, similar to the behaviour previously
seen in PDS 456 (Matzeu et al. 2017a) and APM 08279+5255
(Saez & Chartas 2011) and which advocated for the affect of
radiation pressure on the wind.
5.1. Comparison with Previous PDS 456 Observations
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FIG. 7.— Comparison between the bright 2018 RGS spectrum of PDS 456
(black points) and the lower flux 2019b spectrum (blue points), with best-fit
XSTAR model over-layed for the latter (red line). With respect to the 2019b
observation, the flux of the 2018 spectrum was a factor of ×4 brighter in
both the soft band and the harder 2–10 keV band. The 2018 spectrum ap-
pears featureless, fitted by a power-law of Γ = 1.90 ± 0.04 modified by
Galactic absorption and no significant absorption features are apparent close
to the wavelengths of the absorption lines detected in the 2019 spectrum. The
difference could be reconciled by the subsequent increase in flux which oc-
curred during the 2018 observation, leading to at least a factor of×4 increase
in gas ionization. This is sufficient to render the 2018 spectrum featureless.
5.1.1. Comparison with 2018
The soft X-ray outflows in both PG 1211+143
(Reeves, Lobban & Pounds 2018) and IRAS 13224−3809
(Pinto et al. 2018) both show pronounced variability, with the
outflow opacity generally being higher when the source flux
is lower. In the above analyses, this was attributed to varia-
tions in either ionization versus flux, or intrinsic variability of
the absorber column, or a combination of both. For PDS 456,
the bright 2018 observation performed one year before the
2019b observation provides a test case to see how the soft
X-ray absorber varies with flux. The observed soft X-ray
flux in 2018 was F0.4−2.0 keV = 4.8 × 10
−12 ergs cm−2 s−1
compared to F0.4−2.0 keV = 1.5 × 10
−12 ergs cm−2 s−1 in
the fainter 2019b observation. Note that in the 2-10 keV band
there is a factor of×4 difference in flux between observations
(see Table 1). Figure 7 shows the 2018 RGS spectrum with
the 2019b spectrum overlayed on the same flux scale. In
contrast to the 2019b spectrum, the 2018 observation is
dominated by a bright power-law component, with a harder
photon index of Γ = 1.90±0.04 and no soft excess compared
to the 2–10 keV band, while there are no absorption features
apparent in the spectrum.
To reconcile this difference, the 2018 spectrum was fitted
with the same soft X-ray absorption model as in Section 3.2,
allowing only the ionization parameter to adjust between the
2018 and 2019b epochs. Subsequently, for the same column
density, the wind ionization decreased by at least a factor of
×4 between the 2018 and 2019b spectra in line with the con-
tinuum change; i.e. log ξ > 3.8 (in 2018) to log ξ = 3.3+0.1
−0.2
(in 2019b). As per the above AGN, the featureless nature of
the bright 2018 observation is consistent with the wind ion-
ization responding to the continuum flux. Note the change
in opacity could equally be expressed in terms of the equiv-
alent factor of ×4 change in column density (for a constant
ionization), where NH < 3.5× 10
20 cm−2 in 2018.
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FIG. 8.— The 2019a XMM-Newton spectrum of PDS 456, plotted as a ratio
to the continuum model defined in the 2019b observation in Table 3, where
the pn is shown in black and MOS in red (dotted lines). Compared to the
2019b observation, the 2019a spectrum is much more strongly absorbed in
the soft X-ray band and requires a high column density (NH ∼ 10
23 cm−2)
low ionization (log ξ = 2) absorber to account for the strong bound-free ab-
sorption opacity present. As per the 2019b observation (Figure 5), a deep
iron K absorption line is present near 9 keV, with an outflow velocity of
v/c = −0.245 ± 0.010. Note that dashed vertical lines represent the possi-
ble absorption line structure present in the spectrum, from He/H-like Ne, Si,
S and Fe.
5.1.2. Comparison with 2019a
The 2019b spectrum can also be compared to the 2019a ob-
servation which occurred 22 days prior in September 2019
(see Table 1). As can be seen from Figure 1, its soft X-
ray flux was substantially lower (with F0.4−2.0 keV = 9.0 ×
10−13 erg cm s−1). In contrast to the 2018 observation, it rep-
resents one of the lowest flux observations of PDS 456; it is
comparable to the low flux state observedwith Suzaku in 2013
(Matzeu et al. 2016).
The 2019a spectrum is also shown in Figure 8, where it
has been replotted as a ratio the the best-fit continuum model
defined from the 2019b observation. As per the 2019b obser-
vation, a strong absorption trough is present in the Fe K-shell
band near 9 keV and is characterized by a fast, high ionization
wind with very similar parameters; where NH = 5.0
+1.4
−1.1 ×
1023 cm−2, log ξ = 5.0 ± 0.2 and v/c = −0.245 ± 0.010.
In contrast, the 2019a spectrum much is more strongly ab-
sorbed in the soft X-ray band, requiring a higher column den-
sity of NH = 1.24
+0.08
−0.11 × 10
23 cm−2, while its ionization
is low with log ξ = 2.0 ± 0.1. The covering fraction of the
absorber, against a best-fit power-law continuum of photon
index Γ = 2.37 ± 0.03, is found to be fcov = 0.77 ± 0.02,
while the velocity of the soft X-ray absorber is measured to
be v/c = −0.257 ± 0.015. The absorption properties of the
2019a observation are summarized in Table 4. The fit statistic
with this model is good, with χ2
ν
= 297.8/302.
Although the 2019a observation is dominated by the strong
bound-free continuum opacity produced by the high column
soft X-ray absorber, there are some indications of absorption
line structure in the soft X-ray spectrum plotted in Figure 8,
which are marked by the dashed blue vertical lines. In partic-
ular, a pronounced trough at 1.2 keV is observed at the same
energy as the 2019b spectrum. This could also coincide with
the Ne IX-X absorption blend shifted by−0.25c, or with some
addition contribution from Fe L-shell absorption. There are
also indications of absorption structures between 2–3.5keV,
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TABLE 4
ABSORPTION PARAMETERS FROM THE 2019A OBSERVATION
Parameter value
Fe K absorber:-
Na
H
× 1023 5.0+1.4
−1.1
log ξb 5.0± 0.2
v/c −0.245 ± 0.010
∆χ2/∆ν −63.0/3
Soft X-ray absorber:-
NaH × 10
23 1.24+0.08
−0.11
log ξb 2.0± 0.1
v/c −0.257 ± 0.015
fc 0.77± 0.02
∆χ2/∆ν −288.9/4
a Units of column density cm−2.
b Ionization parameter (where ξ = L/nR2) in units of erg cm s−1.
c Covering fraction of absorber, where f = 1 for a fully covering absorber.
which may be consistent with blueshifted absorption from He
and H-like Si and S.
To investigate this further, we compared the above partially
ionized soft X-ray absorber with an alternative neutral partial
covering absorber (using the ZPCFABS model within XSPEC),
where the outflow velocity is assumed to be zero in the latter
model. In both cases, we retain the highly ionized iron K wind
component in absorption and emission, which reproduces the
prominent P Cygni like feature seen in at high energies. While
the neutral absorber has a similar column density to the ion-
ized one (NH = 1.27
+0.17
−0.14×10
23 cm−2 for a covering fraction
of fcov = 0.48± 0.05), it fails to reproduce the overall shape
of the spectrum. Figure 9 (left panel) shows the comparison
between the ionized and neutral absorbers. Significant resid-
uals are present against the neutral absorber, in particular a
broad emission and absorption trough near 1 keV and the fit
statistic is very poor, with χ2
ν
= 494.0/304. In contrast, the
ionized absorber is able to account for these soft X-ray residu-
als, chiefly from the interplay between ionized absorption and
emission produced from the outflowing gas.
Note the outflow velocity derived from the ionized soft X-
ray absorber, of v/c = −0.257 ± 0.015, is fully consistent
with both the Fe K band absorber and of the soft X-ray ab-
sorber seen towards the 2019b spectrum. Statistically speak-
ing, the outflow velocity of the soft X-ray absorber is well de-
termined, as is illustrated in the right-hand panel of Figure 9,
whereby a lower velocity solution is ruled out with a high
degree of confidence (e.g. ∆χ2 > 80 for zero outflow veloc-
ity). Nonetheless the exact velocity determination should be
treated with some caution, as the strong spectral curvature to-
wards the 2019a spectrum and its lower resolution precludes a
detailed line-by-line analysis, unlike for the 2019b spectrum.
In the future, high resolution calorimeter based spectroscopy
with XRISM and ATHENAwill be able to provide detailed mea-
surements of these obscuration events.
Overall, the low ionization, high column absorber in the
2019a observation produces substantial bound-free opacity
and as a result suppresses the continuum towards low en-
ergies, with only a fraction (about 20%) of the direct con-
tinuum emerging in the soft band. Its effect on the X-ray
continuum is similar to what was recently observed in other
Seyfert 1s, such as NGC 5548 (Kaastra et al. 2014), NGC
3783 (Mehdipour et al. 2017) and Mrk 335 (Longinotti et al.
2019; Parker et al. 2019), where these AGN have undergone
an X-ray obscuration event, substantially suppressing the soft
X-ray flux. In all these examples, broad and blue-shifted UV
absorption line profiles also accompanied the increased X-ray
absorption (e.g. Kriss et al. 2019), linking the obscuration to
the emergence of an outflow. The obscuration duration can
be pro-longed, lasting years in the cases of NGC5548 and
Mrk335. In PDS 456, this timescale is likely much shorter,
lasting no longer than the 20 day interval between the two
2019 XMM-Newton observations. Indeed similar, short-lived
X-ray obscuration events, of the order of days, have also been
observed in the Seyfert 1, NGC3227 (Turner et al. 2018) and
the QSO, PG 1211+143 (Reeves, Lobban & Pounds 2018). In
the latter AGN, the obscuration was also attributed to an order
of magnitude increase in the column of the lower ionization,
but fast, soft X-ray wind.
5.1.3. Comparison with Earlier Observations
There have also been multiple observations of PDS 456
with XMM-Newton prior to the current campaign. These were
performed in 2001 (Reeves et al. 2003), 2007 (Behar et al.
2010), 2013–2014 (5 observations; Nardini et al. 2015;
Reeves et al. 2016) and 2017 (Reeves et al. 2018a,b). While
a systematic analysis of all of the RGS spectra is beyond
the scope of the current paper, a general comparison can
be made with these published observations compared to the
present epoch. In particular, Reeves et al. (2016) analyzed
all of the archival RGS spectra from 2001–2014. Several of
these spectra showed a pronounced broad absorption trough
around 1.2 keV, or in the typical wavelength range from 10–
12 A˚. This was attributed to a blend of absorption lines arising
from Ne IX-X and from L-shell iron, similar to what is also
predicted here, with an outflow velocity in the range between
0.17 − 0.27c, column densities of up to 1022 cm−2 and ion-
ization parameters of about log ξ ∼ 3.5 − 4. Indeed the soft
X-ray absorber parameters measured in the 2019b observation
are similar to these values, but the column towards PDS 456
during the low flux 2019a observation is much higher.
One major difference with 2019b when compared to some
of these earlier observations is that the 1.2 keV absorption
trough appeared much broader previously. For example in
the 3rd and 4th observations of the 2013–2014 campaign
(OBSCD, Reeves et al. 2016), its velocity width was σ =
28000+13000
−9000 km s
−1. As a result, it was not possible to re-
solve the earlier absorption profiles into a distinct series of
absorption lines. This has now only been achieved in the cur-
rent 2019b epoch as the line widths are much narrower, of
σ = 3000 km s−1, which may indicate a decrease in the turbu-
lence velocity arising from the passage of a different stream-
line across the line of sight. As a result, it was possible in the
new 2019b data to both resolve and identify the discrete soft
X-ray absorption lines and to confirm that the velocity of both
the soft X-ray and iron K absorbers are identical.
5.2. The Origin of the Soft X-ray Wind
The major difference between the soft X-ray and iron K
wind components in PDS 456 is that the former has a much
lower ionization, by about two orders of magnitude com-
pared to the latter. Thus can the soft X-ray absorber exist
co-spatially with the inner high ionization Fe K-shell wind or
does it have a separate origin? We have also observed the
soft X-ray wind column to decrease by almost two orders of
in the 20 days between the 2019a and 2019b observations
(NH = 10
23 cm−2 to 2 × 1021 cm−2), while its ionization
also increased by a factor of 10 (log ξ ∼ 2 to log ξ ∼ 3). This
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FIG. 9.— Left panel. The 2019a low flux spectrum, compared to either a neutral or partially ionized soft X-ray absorber. The top panel shows the models
overlaid on the data, where the solid red line corresponds to the neutral absorber and the dotted blue line the ionized absorber. The P Cygni like profile in the
iron K band is included in both cases. The lower panels show the residuals against these two models. Significant soft X-ray residuals are seen against the neutral
absorber, which the ionized absorber can account for via a soft X-ray wind. Right panel. The fit statistic as a function of outflow velocity for the ionized absorber
in the 2019a spectrum, where the dotted horizontal lines correspond to the 90%, 99% and 99.9% and 99.99% confidence levels for two interesting parameters.
The best fit outflow velocity is v/c = −0.257 ± 0.015, while a lower velocity solution is formally excluded.
is in contrast to the high ionization wind, which remains sta-
ble in both column and ionization during this period. Thus at
first sight this suggests that the soft X-ray absorber is clumpy,
while the high ionization gas is relatively homogeneous.
We first consider the soft X-ray absorber as measured in the
2019b observation. Given that this absorber has a minimum
covering fraction towards the X-ray source of 60% (and is
consistent with a fully covering absorber), its sizescale must
be at least similar to the X-ray source size (if not larger).
For PDS 456, the X-ray coronal size has been previously es-
timated to be of the order of ∼ 1015 cm, (or ∼ 10Rg for a
black hole mass of 109M⊙), as measured from X-ray flares
(Reeves et al. 2002; Matzeu et al. 2016, 2017b; Reeves et al.
2018b). Thus to achieve a high line of sight coverage, the
minimum absorber sizescale is ∆R ∼ 1015 cm, while for a
column of NH ≈ 10
21 cm−2, then the maximum absorber
density is n = NH/∆R ∼ 10
6 cm−3. Thus, for an ionizing
luminosity of Lion = 3 × 10
46 erg s−1, an ionization param-
eter of log ξ = 3.4 and as R2 = Lion/ξn, this yields a min-
imum radial distance estimate of about a parsec. This is also
consistent with what was estimated in Reeves et al. (2016) for
the soft X-ray absorber based on the previous RGS observa-
tions of PDS 456.
Alternatively, if the soft X-ray absorber were located closer
in, at a similar distance to the high ionization wind, then it
would be far too compact. At a distance of R ∼ 1016 cm
(or 102Rg), coincident with the expected launching point of
inner iron K disk wind inferred by Nardini et al. (2015), then
the soft X-ray absorber density is required to be high (n ∼
1011 cm−3) in order to maintain its lower ionization. As a
result, its sizescale would then be implausibly small (∆R =
NH/n ∼ 10
10 cm). In contrast, placing the high ionization
absorber at this radius (with log ξ = 5, NH = 10
24 cm−2)
yields a much more plausible density and sizescale, where
n ∼ 109 cm−3 and ∆R ∼ 1015 cm. Thus it appears unlikely
that the soft X-ray wind can be co-spatial with the innermost
disk wind.
In the 2019a observation, the column of the soft X-ray ab-
sorber was much higher at NH = 10
23 cm−2 and its ion-
ization was lower at log ξ = 2. As above, in order to
achieve a large ∼ 80% line of sight coverage (Table 4), its
sizescale must be at least similar to the X-ray source, where
∆R ∼ 1015 cm. In this instance, the implied density is
n ∼ 108 cm−3 and thus the derived distance is R ∼ 1018 cm,
i.e. again of the order of a parsec. The timescale of the
absorber variability also gives an indication of its sizescale.
The absorber variations from 2019a to 2019b occur within a
timescale of 1–20 days, i.e. the minimum duration is at least
as long as the 2019a XMM-Newton observation, while the ab-
sorption has declined by the onset of the 2019b observation.
If the absorption changes are due to gas moving across our
line of sight, then for a maximum transverse cloud velocity
of v = 0.25c, the absorber sizescale is constrained to within
∆R = v∆t ∼ 1015 − 1016 cm, consistent with above. Note
the Swift lightcurve may indicate that the duration of the ob-
scuration event is confined to a few days and thus ∆R is at
the lower end of the range, if it is coincident with the period
of low flux at the start of the X-ray monitoring.
The soft X-ray absorption seen towards both the 2019a
and b observations is consistent with being at a similar lo-
cation, they have the same velocity and may form part of the
same streamline which has a density (and ionization) gradi-
ent across the flow. A possible geometry for the absorbing
cloud, which may form part of an ensemble, is shown in Fig-
ure 9. Thus during the heavily obscured 2019a epoch, we
are intercepting a denser, higher column portion of the ab-
sorber, while 20 days later we are instead viewing through a
lower density and more ionized tail of the absorber. This may
be similar to what was envisaged by Maiolino et al. (2010),
where elongated cometary shaped clouds may be responsible
for the short timescale column density and covering fraction
variations seen towards the changing look Seyfert, NGC1365.
Alternatively, a scenario whereby more compact, higher den-
sity clouds can intercept the line of sight in front of the lower
density gas may also be possible.
In PDS 456, the clumpy, lower ionization soft X-ray absorb-
ing clouds likely form from gas further out (on parsec scales)
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FIG. 10.— A possible geometry of the soft X-ray absorber, responsible
for the variation in column between the 2019a and 2019b observations. The
red arrows represent our view towards the absorber for the 2019a and 2019b
observations and the thick black arrow the direction of the cloud. Dur-
ing the 2019a observation, our sightline intercepts a denser, higher column
(1023 cm−2) part of the absorber (dark blue), while in 2019b the absorption
has decreased as we now view through lower density and lower column gas
(light blue). Note that the maximum sizescale of the absorber is set by the 20
day timescale between observations (∆R ∼ 1016 cm), while to maintain its
lower ionization, the absorber is likely located on parsec scales.
compared to the highest ionization phase of the disk wind,
which is launched closer to the black hole. A similar scenario
was postulated by Serafinelli et al. (2019) for PG 1114+445,
whereby a possible fast soft X-ray absorber originates from
clouds entrained within the high ionization UFO.
We can consider further the mass outflow rate of the soft
X-ray wind and the subsequent geometric covering fraction
(fcov = Ω/4pi) and volume filling factor (fv) of the gas.
Taking an expression for the mass outflow rate (M˙out) which
accounts for the covering and filling factors of the gas (e.g.
Blustin et al. 2005), then:-
M˙out ≈ 4pifcovfvµmpvoutnR
2, (1)
where µ = 1.3 for Solar abundances and nR2 = Lion/ξ
from the definition of the ionization parameter. For the soft
X-ray wind in PDS 456, where Lion = 3 × 10
46 ergs s−1
and log ξ = 3.4, then the product nR2 = 1043 cm−1, while
vout = 0.25c. Thus the soft X-ray mass outflow rate is
M˙out ≈ 10
4fcovfv M⊙ yr
−1. This seems implausibly high
for a homogeneous outflow, where fv ∼ 1 and would easily
exceed the expected mass accretion rate for PDS 456.
In contrast, for the innermost, high ionization (log ξ = 5)
iron K wind component, originating from close to the launch
radius (R ∼ 100Rg or ∼ 10
16 cm), Nardini et al. (2015) de-
rived a mass outflow rate of M˙out ≈ 10M⊙ yr
−1. Such
highly ionized gas is likely to be more homogeneous in nature
(i.e. fv ∼ 1), while Nardini et al. (2015) derived a high geo-
metric covering factor for the gas of fcov ∼ 0.5, as measured
by its iron K-shell P-Cygni profile. Instead, while the soft X-
ray mass outflow rate cannot be reliably estimated per se, the
above argument supports the hypothesis whereby this gas is
highly clumped, where its volume filling factor is likely to be
at least fv = 10
−3. This is also consistent with the above
sizescales and radial distance for the soft X-ray absorber,
where one would typically estimate that∆R/R ∼ 10−3.
Interesting the heavily obscured 2019a XMM-Newton ob-
servation commenced just two days prior to an observation
with HST/COS, where the aim of the latter was to measure
the properties of any UV outflow towards PDS 456 and its
relation to the X-ray wind. Indeed, the high column density
(NH = 10
23 cm−2) and low ionization (log ξ = 2) of the
X-ray absorbing gas should leave its imprint on the UV spec-
trum, producing broad absorption lines such as from C IV, as
has also been discussed by Hamann et al. (2018) for PDS 456.
The depth of any such UV troughs would critically depend on
the geometry and covering factor of the absorbing clouds, rel-
ative to a more extended UV continuum source compared to
the compact X-ray corona. For instance, if the clouds are rel-
atively compact (i.e. ∆R ∼ 1015 cm) and have a low filling
factor, then they may only obscure a small portion of the near
UV continuum. Future work (Hamann et al. in prep) will
quantify the presence of any UV absorption towards PDS 456
during the 2019a epoch and the implications for properties of
the obscuring gas.
In feedback scenarios, such as those suggested by King
(2010), the soft X-ray absorber may arise from the slower
post-shock gas, resulting from the interaction of the inner
ultra fast outflow with the surrounding ambient ISM. This
was suggested to be a possible origin of the soft X-ray
wind in IRAS 17020+4544 (Longinotti et al. 2015), where
in particular the complex velocity behaviour of the slower
warm absorbing gas may result from the interaction of the
wind with the ambient ISM (Sanfrutos et al. 2018). Like-
wise, in NGC4051, a wealth of absorption lines with veloc-
ity components of up to ∼ −10 000km s−1 were detected
(Pounds & Vaughan 2011), which were interpreted as origi-
nating from a cooling shocked flow (Pounds & King 2013).
However this cannot be the case in PDS 456, as the soft X-ray
clouds have the same velocity as the Fe K-shell wind and are
continuing to coast at the terminal velocity of −0.25c.
A low filling factor of the clumpy soft X-ray gas could
also impact the efficiency of the X-ray wind for imparting
energy conserving feedback on larger scales. For instance,
from the CO observations of PDS 456 obtained from ALMA,
Bischetti et al. (2019) showed that the kinetic power of the
larger scale molecular outflow is likely much lower than the
inner X-ray wind, by a typical factor of 10−2−10−3. In prin-
ciple, the inhomogeneous nature of the X-ray wind may ac-
count for the relatively low efficiency factor in both this and
towards other AGN (Fiore et al. 2017; Bischetti et al. 2019;
Sirressi et al. 2019; Reeves & Braito 2019).
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